Quantitative BOLD (qBOLD) is a non-invasive MR technique capable of producing quantitative measurements of the haemodynamic and metabolic properties of the brain. Here we propose a refinement of the qBOLD methodology, dubbed streamlined-qBOLD, in order to provide a clinically feasible method for mapping baseline brain oxygenation. In streamlined-qBOLD confounding signal contributions are minimised during data acquisition through the application of (i) a Fluid Attenuated Inversion Recovery (FLAIR) preparation to remove cerebral spinal fluid (CSF) signal contamination, (ii) a Gradient Echo Slice Excitation Profile Imaging (GESEPI) acquisition to reduce the effect of macroscopic magnetic field gradients and (iii) an Asymmetric Spin Echo (ASE) pulse sequence to directly measure the reversible transverse relaxation rate, R 2 ′. Together these features simplify the application of the qBOLD model, improving the robustness of the resultant parametric maps. A theoretical optimisation framework was used to optimise acquisition parameters in relation to signal to noise ratio. In a healthy subject group (n = 7) apparent elevations in R 2 ′ caused by partial volumes of CSF were shown to be reduced with the application of CSF nulling. Significant decreases in R 2 ′ (p < 0.001) and deoxygenated blood volume (p < 0.01) were seen in cortical grey matter, across the group, with the application of CSF suppression. Quantitative baseline brain oxygenation parameter maps were calculated using qBOLD modelling and compared with literature values.
Introduction
Techniques capable of providing quantitative maps of baseline brain oxygenation provide valuable information about the metabolic profile of brain tissue and have clinical applications in diseases such as stroke (Yamauchi et al., 1996) , cancer (Leenders, 1994) and neurodegenerative disorders (Ishii et al., 1996; Borghammer et al., 2012) . However, to date available options for mapping brain oxygenation have been limited. The current benchmark for quantifying and mapping brain oxygenation is triple oxygen PET (Ito et al., 2005) . Unfortunately, this technique is highly specialised, invasive, expensive and difficult to perform. Therefore, there is a clear need for a clinically relevant alternative, capable of mapping the regional and spatial extent of brain oxygenation in a non-invasive, quantitative fashion.
One potential alternative is the quantitative BOLD (qBOLD) method. It is a non-invasive MRI based technique that is capable of producing quantitative measurements of the haemodynamic and metabolic properties of the brain on a regional basis (Yablonskiy et al., 2013) . This is achieved by modelling the transverse MR signal decay in the presence of a vascular network by exploiting the sensitivity to deoxygenated blood of the reversible transverse relaxation rate R 2 ′ (where R 2 ′=R 2 *-R 2 ) (He and Yablonskiy, 2007) . To describe the qBOLD model in simple terms, the mono-exponential part of the signal decay is used to measure R 2 ′. The mismatch between a measured spin echo and the linear intercept of the mono-exponential regime provides an estimate of the deoxygenated blood volume (DBV) (see Fig. 1 ) (Yablonskiy, 1998) . These measurements can then be combined to estimate the oxygen extraction fraction (OEF), a quantitative measure of baseline brain oxygenation.
Although qBOLD is a promising approach, in practice it suffers from a number of limitations or confounds. It is heavily reliant on an accurate measurement of R 2 ′ which can become elevated in the presence of macroscopic magnetic field gradients (MFGs), particularly around air-tissue interfaces. Left uncorrected this will result in confounded estimates of OEF. Additionally, the original qBOLD implementation acquired R 2 ′-weighted images with varying amounts of R 2 -weighting and separating these effects is problematic. Furthermore, the presence of partial volumes of cerebrospinal fluid (CSF) must be accounted for, which would otherwise result in an overestimated measurement of R 2 ′ (He and Yablonskiy, 2007; Dickson et al., 2009; Simon et al., 2016) . Whilst MFGs were corrected using a separately acquired magnetic field map, the effects of R 2 -weighting and CSF partial volumes were accounted for by using a compartmental model. This led to an over-parameterisation of the model requiring high signal to noise (SNR) in order to make accurate quantification of brain oxygenation (Christen et al., 2011) .
In this study we propose a refinement of the qBOLD methodology in order to progress towards a clinically feasible method for mapping baseline brain oxygenation. A novel acquisition protocol is used to remove confounding effects from the measurement of R 2 ′ and improve the robustness of the resultant parametric maps. The limitations of the original qBOLD implementation are addressed in the following ways. Firstly, an asymmetric spin echo (ASE) pulse sequence is used to provide a direct measure of R 2 ′ (Wismer et al., 1988) , eliminating the need to remove R 2 -weighting from the acquired signal. This is possible with ASE because images are acquired at the same echo time (TE) resulting in the same degree of R 2 -weighting, but with the level of R 2 ′-weighting manipulated by shifting the spin echo refocussing pulse by an amount τ/2. By repeating this process for a number of different values of the spin echo displacement time, τ, a measurement of R 2 ′ can be made. ASE has previously been implemented with qBOLD modelling to provide parametric maps of baseline brain oxygenation (An and Lin, 2003) . Secondly, in contrast to previous qBOLD implementations, we propose to compensate for MFGs prospectively rather than through postprocessing. The Gradient Echo Slice Excitation Profile Imaging (GESEPI) technique aims to compensate for MFGs by oversampling in the slice direction using a 3D acquisition (Yang et al., 1998) . We have recently shown that by combining GESEPI with the ASE technique (GASE) the effect of MFGs can be minimised in the majority of the brain (Blockley and Stone, 2016) . Finally, the signal contribution of CSF can be removed through the use of a FLAIR (Fluid Attenuated Inversion Recovery) preparation pulse (Hajnal et al., 1992) . This has been shown to reduce the overestimation of R 2 ′ seen in voxels with a high CSF fraction (Dickson et al., 2009; Simon et al., 2016) . Taken together these modifications to the acquisition of R 2 ′-weighted data enable the signal model to be simplified.
In summary, the proposed FLAIR-GASE method uses an ASE measurement of R 2 ′, GESEPI acquisition and FLAIR CSF suppression to minimise the confounds in the acquired signal. In turn a simple model of the qBOLD signal was used to analyse this data, with the aim of further simplifying the implementation of the qBOLD method. The ultimate aim of this work is to provide a clinically relevant and robust approach to mapping baseline brain oxygenation which is non-invasive, requires no additional equipment, is easy to implement and feasible to acquire in a short scan time.
Theory

FLAIR-GASE optimisation
Optimisation of the FLAIR-GASE pulse sequence was performed to minimise the signal contribution of CSF and maximise the SNR of the measurement of R 2 ′. The FLAIR preparation uses an inversion pulse to separate the signal contributions in a voxel by their T 1 value. An appropriate inversion time (TI) must be chosen such that the CSF signal is nulled taking into account the effects of the repetition time (TR) (Shen et al., 2009) .
Optimisation of the ASE pulse sequence was adapted from Gowland and Bowtell (Gowland and Bowtell, 2007) , where the acquisition of multi-echo FMRI data was optimised and Song and Song (R. Song and H. K. Song, 2007) , where echo-spacing was optimised for the simultaneous measurement of R 2 and R 2 ′. Here we adapt this approach to optimise the acquisition of multi-τ-weighted ASE data for the measurement of R 2 ′. The signal acquired for the j th τ-weighted ASE acquisition is given by Eq. (2), where J is the total number of τ-weighted data-points acquired and j=1, 2, …, J.
The degree of R 2 ′-weighting in an ASE sequence is determined by the spin echo displacement time, τ. Under the assumption of an ideal ASE sequence whereby pulses are instantaneous and may overlap, the minimum value of τ, τ min , is 0 ms and the maximum is determined by TE i.e. τ max =TE. Given a linear distribution of τ values between τ min and τ max each acquired in a separate repetition (see Fig. 2 ), values of τ j can be defined by Eq. (3). Fig. 1 . Schematic of the qBOLD model describing the transverse MR signal decay in the presence of a blood vessel network. R 2 ′ is inferred from the monoexponential regime (where τ > T c (Eq. (7)) and T c =1.5 t c (Eq. (6)) where t c is the characteristic time) and DBV inferred from the mismatch between the linear intercept of this fit and spin echo signal (τ = 0 ms). Combining these two measurements estimates of baseline brain oxygenation can be made (Eqs. (11) and (12)). Fig. 2 . In the asymmetric spin echo (ASE) pulse sequence the 180°refocusing pulse of a standard spin echo pulse sequence is shifted towards the 90°excitation pulse by a time τ/ 2. Values of τ were allowed to be equally distributed between τ=0 and τ=TE. In these examples 2 (black), 3 (blue), 4 (orange) or 5 (yellow) values of τ are acquired in separate repetitions to sample the decay of the R 2 ′ weighted signal. R 2 ′ is calculated by fitting these τ-weighted acquisitions with an exponential signal model. This placement scheme, as described by Eq. 3, was used to investigate the optimisation of ASE acquisition parameters for the measurement of R 2 ′. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
DBV
Multiple acquisitions with different values of τ can be fitted to measure R 2 ′, where SNR per unit time is given by 
Modelling the qBOLD signal
Deoxygenated blood, present in blood vessel networks, causes additional MR signal decay due to the presence of MFGs that result from the difference in magnetic susceptibility between deoxyhaemoglobin and tissue. R 2 ′ has been shown to be sensitive to such mesoscopic scale MFGs and an analytical solution has been presented to describe this relationship (Yablonskiy and Haacke, 1994) . Here we present a generalised form of this equation as a function of deoxyhaemoglobin concentration, [dHb] , and deoxygenated blood volume, DBV,
where δω is the characteristic frequency, γγ is the proton gyromagnetic ratio, Δχ 0 is the susceptibility difference between fully oxygenated and fully deoxygenated red blood cells and κ is a conversion factor (κ=0.03) (Bain et al., 2006) enabling haemoglobin concentration, [Hb] , to be calculated from haematocrit i.e. Hct=κ. [Hb] . Eq. (5) shows that a measure of R 2 ′ contains information regarding the product of DBV and [dHb] scaled by known or assumed constants (γ, Δχ 0 , κ and B 0 ). However, to make a quantitative measure of brain oxygenation, [dHb] must be separated from DBV. Fortunately, the R 2 ′-weighted signal behaves differently in two different regimes of the parameter τ; the short and long τ regimes (see Fig. 1 ). The boundary between these regimes is typically considered to be at T c =1.5t c , where the characteristic time t c is given as,
For values of τ greater than 1.5t c the tissue signal, s t , is linearly exponential (Eq. 7a). However, for values of τ less than 1.5t c the signal decays with a quadratic exponential profile (Eq. 7b). In both cases, R 2 ′ decay is superimposed on the underlying R 2 decay of brain tissue, R 2 t .
Information regarding DBV can be extracted by comparing the linear and quadratic regimes represented by Eqs. (7a) and (7b), as shown in Eq.(8) and visualised in Fig. 1 . It is important to note that these equations assume a static dephasing regime and therefore this model doesn't take into account the effects of diffusion narrowing.
DBV log s log s
Previously, a compartmental style model was introduced to better describe the brain tissue signal in terms of intravascular, extravascular and extracellular fluid components, Eq. (9) (He and Yablonskiy, 2007) .
The signals from tissue, extracellular fluid, consisting of cerebral spinal fluid (CSF) and interstitial fluid (ISF), and intravascular blood are represented by s t , s e and s b respectively. λ and λ′ are the fractions of signal from CSF/ISF and blood, respectively, at a spin echo and are dependent on relaxation rates and spin densities of the tissue components as well as sequence timing parameters. The function F(τ) describes the τ dependent contribution of macroscopic field gradients.
Eq. (10) describes the additional relaxation in the voxel due to the presence of CSF/ISF. Here R 2 e is the extracellular relaxation rate (i.e.
relaxation due to CSF/ISF) and Δf is the frequency and offset of the CSF signal relative to bulk tissue water (Simon et al., 2016) .
Eq. (11) models the intravascular blood signal using an empirical relationship (Simon et al., 2016) based on blood relaxometry measurements (Zhao et al., 2007) .
In the original implementation of qBOLD a large number of fitting parameters define the model resulting in a difficult optimisation problem. However, in the streamlined-qBOLD approach we aim to minimise the contributions of many of these compartments during image acquisition in order to simplify the model used for data analysis. Across all compartments the effect of R 2 related contributions is kept constant by using the ASE sequence, which uses the same TE for all values of τ and results in constant R 2 -weighting for all images. The signal attenuation due to MFGs (F(τ)) is minimised by the GESEPI acquisition and the signal contribution from CSF is minimised through the use of a FLAIR preparation. Intravascular signal and the signal from ISF are not specifically addressed by the acquisition. However, since they represent small perturbations of the qBOLD signal they are neglected from the analysis model, thereby leaving only a single compartment described by Eqs. (7) and (8). The consequences of these assumptions are discussed later.
Measures of brain oxygenation
With measurements of R 2 ′ and DBV made as described, a number of brain oxygenation measurements can be calculated by looking at the ratio of R 2 ′ and DBV. Firstly, deoxyhaemoglobin concentration can be calculated without further subject specific information.
With knowledge of the subject's haemoglobin concentration and under the assumption that arterial blood is fully saturated, the OEF can be calculated from [dHb] (Blockley et al., 2015) .
Haemoglobin concentration can be inferred from haematocrit using κ. Haematocrit can be measured using venepuncture or more typically assumed to have a constant value, i.e. Hct=0.34 for small vessels like capillaries (Eichling et al., 1975) . However, assuming a value of Hct like this means that this potential source of inter-subject variability isn't accounted for in the measurement of OEF. In contrast, calculating [dHb] using Eq. (12) does not require a measure of Hct.
Methods
FLAIR-GASE optimisation
The FLAIR preparation was optimised for a TR of 3 s and a typical CSF T 1 value of 3817 ms at 3 T (Lu et al., 2005) using Eq. (1). The effect of ASE acquisition parameters (echo-time, tissue T 2 and number of τ-weighted sampling points) on measured R 2 ′ SNR was investigated using Eqs. (2)-(4) outlined in the theory section. Calculations were performed in MATLAB, (Mathworks, Natick, MA).
Imaging
Seven healthy participants (aged 24-32; mean age 28 ± 3; 4 female: 3 male) were scanned using a 3 T TIM Verio system (Siemens Healthcare, Erlangen, Germany). Subjects were scanned under a technical development protocol agreed with local ethics and institutional committees. For comparison, two GASE scans were acquired with and without FLAIR preparation (TI FLAIR =1210 ms). GASE acquisition parameters were FOV 240 mm 2 , 64×64 matrix, ten 5 mm slices, TR/TE=3 s/74 ms, BW 2004 Hz/px. ASE images were acquired with τ=0, 16, 20, 24, 28, 32, 36, 40, 44, 48, 52, 56, 60 and 64 ms. This provided a spin-echo image with no R 2 ′-weighting (τ=0 ms) and R 2 ′-weighting in the mono-exponential regime (τ from 16 -64 ms, (J = 13)), Eq. (7a) (Yablonskiy and Haacke, 1994) . Each R 2 ′-weighted brain volume took 27 s to acquire, leading to a total acquisition time of 6 min 18 s for each GASE dataset. GESEPI is a multi-slab 3D acquisition whereby each 5 mm slab is phase-encoded in the z-direction into four 1.25 mm slices with 100% partition oversampling to reduce aliasing (total 8 k-space partitions). The four 1.25 mm slices of the slab are then averaged to produce a single 5 mm slice. Based on previous work we anticipate that the compensation provided by this GESEPI acquisition should enable 92% of through-plane MFGs to be corrected i.e. MFGs below the compensation threshold determined by the slice thickness will be corrected and those above will not (Blockley and Stone, 2016) . Raw GASE imaging data were Tukey filtered prior to reconstruction. A high-resolution structural image was acquired if a recent image was not already available for a given subject (MPRAGE (Mugler and Brookeman, 1990 ): 192×192×174 matrix, resolution 1×1×1 mm 3 , TR/TI/TE=2040/900/4.7 ms and flip angle 8°). This was used for registration of the functional data and generation of anatomically derived masks.
Data analysis
The four 1.25 mm slices of each slab were averaged to produce a single 5 mm slice. All GASE image τ-series were motion corrected using MCFLIRT (Jenkinson et al., 2002) to the spin echo image. The spin echo image was brain extracted using 3dAutomask (Cox, 1996) to create a binary mask of the brain tissue and all remaining R 2 ′-weighted volumes were brain extracted using this mask. Further analysis of the brain extracted τ-series was performed in MATLAB (Mathworks, Natick, MA) where parameter maps were calculated for each ASE acquisition on a voxel-wise basis. R 2 ′ was calculated using a weighted log-linear fit to the mono-exponential regime (τ ≥16 ms (Yablonskiy and Haacke, 1994) ) of the ASE data ( Fig. 1 and Eq. (3). From Eq. (6), T c and OEF are inversely proportional. Using points in the monoexponential regime of τ≥16 ms assumes a value of true OEF of 26% or higher. To ensure no points from the quadratic regime were included in the estimate of R 2 ′ we favour overestimating T c by underestimating the true OEF. The intercept of this fit and the spin-echo signal (τ=0 ms) were subtracted in order to provide a measure of DBV (Eq. (8)). OEF , Hct=0.34) (He and Yablonskiy, 2007) . This parameter estimation was performed for datasets with and without FLAIR CSF suppression (FLAIR-GASE and GASE, respectively) using the same model i.e. a model of the CSF compartment was not included for the GASE data. Subject specific ROI's of global grey matter were produced using FAST segmentation on the high-resolution structural images (Zhang et al., 2001 ) and registered to the native space of the GASE spin echo image using FLIRT (Jenkinson and Smith, 2001) . The grey matter segmented masks were then thresholded at 0.6 to provide a binary mask. ROI measurements were taken from a subset of 6 adjacent slices to avoid areas with severe macroscopic field gradients lower in the brain. Fig. 3 demonstrates the effect of underlying tissue T 2 and ASE acquisition parameters (echo-time and number of τ-weighted sampling points) on measured R 2 ′ SNR using Eqs. (2)-(4). In Fig. 3a -c normalised SNR (SNR/(S 0 /σ 0 )) of the fitted R 2 ′ is shown to vary with echo time for ASE acquisitions. Fig. 3a shows this relationship when underlying tissue T 2 is ignored (T 2 =0 ms). Fig. 3b shows this relationship for an underlying tissue T 2 of typical cortical grey matter (T 2 =80 ms). In both figures R 2 ′ was set to that of typical cortical grey matter (R 2 ′ = 3.5 s ) and reproduced for a number of τ-weighted acquisitions (J). Comparing Fig. 3a to b it can be seen that the echo time at which the maximum SNR efficiency occurs (TE max ) is much shorter when underlying tissue T 2 is considered. Both R 2 ′ and T 2 affect the time at which TE max occurs. In Fig. 3b TE max occurs at~70 ms for all values of J. Fig. 3c demonstrates how tissue T 2 affects TE max . As T 2 increases, the linear relationship between TE max and T 2 breaks down. 4.2. Demonstration of improved R 2 ′ maps using FLAIR, CSF suppression Fig. 4 shows example R 2 ′ maps in a single subject, made using GASE (Fig. 4a) and FLAIR-GASE (Fig. 4b) . A CSF partial volume map obtained from the FAST segmentation and registered to native spinecho space is shown in comparison (Fig. 4c) . R 2 ′ maps made using GASE show areas of high R 2 ′ which are minimised or reduced when CSF suppression is used (comparing Fig. 4a with b) . Using the CSF partial volume maps for comparison (Fig. 5c) , areas of high CSF partial volume correspond well with areas of high R 2 ′ in the non-CSF suppressed acquisition (Fig. 5a ) and these areas are minimised using CSF suppression (Fig. 5b). 4.3. R 2 ′ and DBV parameter maps Table 1 compares GASE and FLAIR-GASE median ( ± interquartile range) parameter values across grey matter for each individual subject as well as group average values (mean ± Fig. 4 . Example R 2 ′ parameter maps in a single subject calculated using GESEPI ASE without CSF suppression (a) and with CSF suppression (b). CSF partial volume map (c) estimated by segmenting a T 1 weighted anatomical image using FAST shows the regions of high CSF volume. A.J. Stone, N.P. Blockley NeuroImage 147 (2017) [79] [80] [81] [82] [83] [84] [85] [86] [87] [88] standard deviation). R 2 ′ and DBV can be seen to decrease significantly (p < 0.001 and p < 0.01, respectively) with the application of CSF nulling in a subject-wise manner. Fig. 7 shows histograms of R 2 ′, DBV, OEF and [dHb] voxel values contained within a grey matter ROI using FLAIR-GASE for subject 2 in Table 1 . The distribution of R 2 ′ and DBV are relatively normal as demonstrated by the small difference between the median (green line) and mean (red line) values. However, as OEF and [dHb] are calculated from the ratio of R 2 ′ and DBV, outlying voxel values are introduced into the distribution. For OEF and [dHb] it appears, from Fig. 7 , that the median better represents the peak of the voxel value distribution compared to the mean. As such, using the median to summarise the measurements made across global grey matter minimises the effect of outliers on the summary statistic and means that arbitrary thresholding of voxel values is not required.
Results
ASE optimisation
For details on how to access the raw imaging data and simulation code that underpins these results please see Appendix A.
Discussion
Measurements of baseline brain oxygenation provide a unique insight into the metabolic integrity of brain tissue. As such imaging techniques capable of providing parametric maps of baseline brain oxygenation have important clinical and research applications. However, for these measurements to be truly useful it is important to have an imaging technique which is non-invasive, easy to perform and analyse, quick to acquire and robust. In this study a refinement of the qBOLD methodology is proposed in an attempt to progress this method towards a more streamlined measurement of baseline brain oxygenation. A novel acquisition protocol is used to remove confounding effects from the acquired MR signal, simplifying the application of the qBOLD model to the data and improving the robustness of the resultant baseline brain oxygenation parameter maps.
ASE optimisation
Through the optimisation framework it was found that measurements of R 2 ′ have maximised SNR when TE is approximately equal to T 2 . This result was found to be independent of J and true for values of R 2 ′ and T 2 in healthy cortical grey matter (Wansapura et al., 1999) . As such a TE of 74ms was chosen for the streamlined-qBOLD acquisition protocol.
Following from this, Fig. 3c shows that a mismatch between TE and target T 2 results in measuring R 2 ′ with a suboptimal SNR. In disease, where underlying T 2 is globally or regionally altered, TE could be chosen to measure R 2 ′ with maximum SNR for that target, assuming 
Table 1
Individual values of brain oxygenation related parameters in global grey matter. Subject-wise values are given as the median ± interquartile range and the group average is given as the mean of these measures ± standard deviation. Statistical significant differences (two-tailed, paired t-test) between the group means of each of the parameters calculated using the FLAIR and no-FLAIR acquisitions were detected.
1 2.9 ± 1.8 3.9 ± 3.3 3.6 ± 4.4 5.6 ± 3.7 22 ± 23 24 ± 15 2.5 ± 2.6 2.7 ± 1.7 2 2.9 ± 2.1 3.5 ± 2.9 4.4 ± 4.0 5.2 ± 4.9 20 ± 13 21 ± 17 2.3 ± 1.5 2.4 ± 1.9 3 2.2 ± 1.6 2.9 ± 2.6 3.0 ± 3.2 4.2 ± 3.5 21 ± 19 22 ± 14 2.4 ± 2.1 2.5 ± 1.6 4 2.6 ± 2.1 3.6 ± 2.6 3.5 ± 3.3 4.1 ± 3.3 23 ± 18 28 ± 19 2.6 ± 2.0 3.1 ± 2.2 5 2.6 ± 1.7 2.9 ± 2.3 3.8 ± 3.6 4.2 ± 3.1 21 ± 15 22 ± 15 2.4 ± 1.7 2.5 ± 1.7 6 3.0 ± 2.1 3.9 ± 3.2 3.3 ± 4.5 5.4 ± 4.3 22 ± 22 23 ± 14 2.5 ± 2.5 2.6 ± 1.6 7 2.1 ± 1.6 2.8 ± 2.5 3.4 ± 3.8 4.1 ± 4.1 18 ± 16 21 ± 20 2.0 ± 1.9 2.3 ± 2.3 Mean 2.6 ± 0.4 3.4 ± 0.5 3.6 ± 0.4 4.7 ± 0.7 21 ± 2 23 ± 2 2.4 ± 0.2 2.6 ± 0.3 Significance level p < 0.001 p < 0.01 p < 0.01 p < 0.01 prior knowledge of T 2 . In the case of regional changes in T 2 or even in healthy brain where tissues have a range of T 2 , compromise must be made in terms of SNR. Although the optimisation was performed to maximise the SNR efficiency of R 2 ′ it can be interpreted in terms of OEF and DBV using Eqs. (5) and (12). In Fig. 3d varying values of R 2 ′ (∝ OEF.DBV) are investigated in relation to TE max and target T 2 . Assuming pathophysiological changes causing a range of OEF between 10 -70% and assuming constant DBV (2%) this would lead to values of R 2 ′ ranging from 0.8 s -1 to 5.5 s -1 . However pathophysiological changes in DBV are also likely and lead to a much greater range of R 2 ′ such as that seen in Fig. 3d . In practice minimum and maximum values of τ are determined by T c and TE respectively. The value of T c is dependent on OEF (Eq. (6)) and it has been suggested that overestimating T c ensures sampling points from the quadratic regime aren't included in the estimate of R 2 ′. However, selection of an overly conservatively long T c also leads to an increase in the minimum τ value and this directly scales the SNR efficiency, with T c being inversely proportional to SNR efficiency.
In Fig. 3b SNR efficiency can be seen to decrease with increasing J. This is attributed to the use of SNR efficiency instead of SNR and the assumption of mono-exponential decay. SNR efficiency was chosen over SNR as minimising acquisition time is a central goal for this technique. The calculation of SNR efficiency involves an additional The R 2 ′ signal was sampled using τ-weightings which were evenly distributed between the limits of τ min and τ max (T c and TE) for a given J (Eq. (3)). The ASE optimisation suggests that repeatedly sampling only three values of τ should provide the highest SNR efficiency. However, in practice this doesn't allow for good characterisation of the exponential decay signal and as such the more practical sampling scheme in Eq. (3) was applied to data-collection alongside the maximum number of τ values that could be acquired within a given scan duration. Further improvements to the optimisation of the ASE acquisition could be made by incorporating the multicomponent decays described by the qBOLD model.
Demonstration of improved R 2 ′ maps using CSF suppression
Motivated by earlier work to suppress CSF signal in Gradient Echo Sampling of Spin Echo (GESSE) based measurements of R 2 ′ (Dickson et al., 2009; Simon et al., 2016) , a FLAIR preparation was incorporated into the GASE pulse sequence. In Fig. 4 it can be seen that areas of high R 2 ′ acquired without CSF suppression (Fig. 4a) , correspond with areas of high CSF partial volume fraction (Fig. 4c) that are minimised by the application of a FLAIR preparation (Fig. 4b) . Fig. 5 provides a closer inspection of these regions further demonstrating that superficially elevated R 2 ′ in the non CSF suppressed maps coincide with regions of high CSF volume fraction. Values of R 2 ′ without CSF suppression have been reported in the range of 2.7-3.8 s -1 (An and Lin, 2003; Blockley and Stone, 2016; Gelman et al., 1999; He and Yablonskiy, 2007; Ni et al., 2014) . Simon et al. (2016) reported decreases in R 2 ′ from 3.94 s −1 to 3.05 s −1 with the application of CSF suppression. These Fig. 7 . Histograms of R 2 ′, DBV, OEF and [dHb] in a region of grey matter for a sample subject made using FLAIR-GASE. Displayed results are for subject 2 from Table 1 . The median (green line) better summarises the peak of the voxel distribution when compared to the mean (red line), particularly in the case of OEF and [dHb] . This justifies the use of medians as the subject-wise summary statistic in Table 1. values, although measured with a range of techniques (ASE, GESSE and GESFIDE), agree well with the trend of decreasing R 2 ′ with CSF suppression seen in Table 1 . From Table 1 , it is also encouraging that despite the inherently lower SNR caused by the introduction of the FLAIR preparation pulse, the interquartile range of the R 2 ′ measurements made using FLAIR GASE is consistently lower than that of the non-nulled GASE measurement. Alongside this trend of decreasing R 2 ′ it can also be seen that DBV decreases with the application of CSF suppression. These results can be explained by considering the following. From Eq. (10), the measured spin echo signal (τ=0) should not be influenced by the CSF signal compartment. As τ increases the signal measured using GASE is influenced by the signal from partial volumes of CSF, resulting in an apparent increase in R 2 ′ for that volume. Extrapolating to zero causes the intercept to be higher in non-nulled data (no FLAIR) when compared with nulled data (FLAIR). As DBV is the difference between the measured spin echo and intercept of the fit to the linear regime (Eq. (8)) this should lead to higher DBV measurements made using nonnulled data in voxels with partial volumes of CSF. This evidence suggests that the application of CSF suppression offers a more reliable parametric mapping of R 2 ′ and reduces the need to fit for CSF parameters in order to improve the power of the estimation of R 2 ′ and DBV from the acquired signal. Fig. 6a and b show example R 2 ′ and DBV parameter maps in a second sample subject. The combination of these parameter maps is the basis for the quantitative brain oxygenation calculations performed later. As such it is important to investigate the pertinent features of these maps. From the R 2 ′ relaxometry maps (Fig. 6a) it can be seen that areas of deep grey matter, known to have high iron content, correspond with areas of elevated R 2 ′. Furthermore, R 2 ′ is observed to be elevated in white matter with respect to grey matter. Under the assumption that deoxyhaemoglobin is the dominant source of magnetic susceptibility, then we would expect a lower white matter R 2 ′ since physiologically DBV is known to be lower than grey matter (Eq. (5)). However, we know that the myelin surrounding white matter tracts is diamagnetic and hence contributes an additional source of magnetic susceptibility. Likewise in maps of DBV (Fig. 6b) , higher than expected values are seen in white matter possibly due to the high myelin content in this area. Therefore, we restrict further analysis to grey matter in this study.
R 2 ′ and DBV parameter maps
Comparison of brain oxygenation measurements with the literature
The ratio of R 2 ′ to DBV is used to calculate parametric maps of baseline brain oxygenation (Eqs. (12) and (13)). Table 2 presents previously published brain oxygenation related parameters for grey matter from a number of different techniques. From this table it can be seen that the measurement of DBV using FLAIR-GASE-qBOLD technique is high (3.6%), particularly in comparison to other MR based techniques (CBV v =2.2% (Blockley et al., 2013a) and DBV=1.75% (He and Yablonskiy, 2007) ).
There are several potential causes of the overestimation of DBV. Previously it has been shown that the use of flow dephasing gradients to remove intravascular signal reduces estimates of DBV (An and Lin, 2003) . In addition, the qBOLD model assumes that protons are in the static dephasing regime. However, it has been shown that diffusion narrowing has a significant effect on R 2 ′ weighted data and has led to overestimates of DBV acquired with the GESSE pulse sequence (Dickson et al., 2010; Pannetier et al., 2013) . Simulations will be needed to investigate the effect of both intravascular signal and diffusion narrowing on the estimates of DBV made using the ASE pulse sequence and will inform the development of an improved qBOLD model. Nonetheless, as a result of these high DBV measures and DBV being the denominator in Eqs. (11) and (12) , suggesting the mean group value measured using the technique in this study is low.
Similarly, OEF values in Table 1 are considered to be on the low end of the spectrum for healthy grey matter. However, the spatial uniformity of the OEF maps is encouraging as OEF has been reported not to vary much across the brain (Gusnard and Raichle, 2001) . Measures of brain oxygenation are particularly hard to validate using noninvasive means. The histograms of voxel values of OEF in global grey matter (Fig. 7) are particularly encouraging and demonstrate a clear peak. Extreme outlying voxel values in the OEF and [dHb] distribution were introduced by the use of DBV as the denominator in the calculation. As such medians were used to better summarise these distributions. Further identification of outlying voxels providing unreliable parameter estimates may be provided by interpreting these images alongside additional information such as magnetic field maps or errors in parameter fit. As such sources of systematic error leading to errors in scaling of the OEF and brain oxygenation measures warrant further investigation. Further validation of this brain oxygenation measure could be achieved by testing its sensitivity to changes in OEF with interventions that are known to alter it e.g. hypercapnia, hypocapnia or caffeine.
Elevated DBV is at least partly responsible for the low baseline brain oxygenation measurements seen in Table 1 . Approaches for improving the measurement of DBV using qBOLD have already been discussed but an alternative implementation has suggested measuring blood volume using a separate technique to improve the accuracy of brain oxygenation measurements (Christen et al., 2012) . In this multiparametric qBOLD approach DBV is measured using a dynamic susceptibility contrast (DSC) method that is sensitive to total blood volume. However, DBV in the qBOLD model refers specifically to the deoxygenated blood volume, a subset of the total blood volume, which PET − −~35-55 (Marchal et al., 1992) dual-calibrated FMRI − − 29-50 (Bulte et al., 2012; Gauthier and Hoge, 2012; Wise et al., 2013) Hyperoxia & BOLD 2.2 − − (Blockley et al., 2013a) is difficult to directly localise and measure, and is largely situated on the venous side of the vasculature. Attempts have been made to measure DBV using hyperoxic contrast (Blockley et al., 2013a; Bulte et al., 2007) , but these approaches haven't been combined with qBOLD so far. However, combining estimates of R 2 ′ made in this study (2.6 s-1) with estimates of DBV made using hyperoxic contrast (2.2% (Blockley et al., 2013b) ) produces an OEF estimate of 33% in cortical grey matter, suggesting this could be a promising approach.
It is also worth noting the effect of the constant terms in Eq. (12). In this study the generally accepted value of χ Δ 0 = 0.27 ppm (He and Yablonskiy, 2007; Spees et al., 2001 ) was used and resulted in a group OEF value of 21% in grey matter. In a previous ASE qBOLD implementation (An and Lin, 2003) an earlier estimate of χ Δ 0 =0.18 ppm was used resulting in OEF values between 35% and 45% (Weisskoff and Kiihne, 1992) . When scaled to a χ Δ 0 value of 0.27 ppm these values are reduced to between 23% and 30%. This demonstrates a level of consistency between similar ASE qBOLD implementations. Similarly, a value of Hct must be assumed or globally measured (i.e. obtained using venepuncture) in order to calculate a value of OEF. Assuming a value of Hct means a source of variation is not accounted for in the measurement of OEF. As a result, further validation of the constant Hct is warranted to improve the measurement of brain oxygenation.
Limitations and areas of future work
As part of the streamlining of the qBOLD approach a simple model of the qBOLD signal was used in this study. This has several limitations. Firstly, the stepwise approach to data analysis causes noise to be propagated along the analysis chain resulting in noisy estimates of OEF. Simultaneous estimation of DBV and OEF using a curve fitting approach would improve the noise properties in both estimates and allow the use of a model which smoothly transitions between the quadratic and linear exponential regimes (He and Yablonskiy, 2007) . It would also remove the potential for bias due to spurious signals observed at the spin echo time (τ=0) in a previous study by acquiring a range of τ values in the quadratic exponential regime (He and Yablonskiy, 2007) . Secondly, since the T 1 of ISF is likely to be shorter than that of CSF (He and Yablonskiy, 2007) , the FLAIR preparation may not be effective in nulling its signal contribution. The impact of residual ISF signal on the brain oxygenation measurements is unknown and further work is required to understand its effect. Finally, in this study we have assumed that the intravascular blood has only a small effect on the qBOLD signal and can be neglected. It has previously been shown that intravascular signal may contribute to the overestimation of DBV and that flow dephasing gradients can be used to reduce this effect (An and Lin, 2003) . Although this approach is shown to decrease the measured value of DBV in grey matter, it is difficult to dephase the signal from the slow flowing blood in the capillaries which make up approximately 40% of the cerebral blood volume (Weber et al., 2008) . As such the addition of an intravascular signal model such as Eq. (11) combined with a curve fitting approach may be a more attractive approach. However, the introduction of such a model is not possible within the current analysis framework.
As stated above, in this study the GESEPI acquisition is predicted to correct for approximately 92% of through-plane macroscopic field gradients (Blockley and Stone, 2016) . This level of correction is a compromise in order to minimise scan duration, whilst compensating for the majority of magnetic field gradients in the brain. From Figs. 4 and 6 it is clear that the GESEPI acquisition didn't provide sufficient correction in lower slices around the large MFGs in the frontal and temporal lobes. Specifically, MFGs greater than 147 μTm -1 will not be corrected at the maximum τ=64ms in the GASE implementation used in this study. This manifests as apparent elevations in R 2 ′ in the lower three slices in these figures and is likely to make up the majority of the 8% of uncorrected voxels. An increase in the number, and a reduction in the thickness, of the slices of each slab would increase the maximum MFG that can be compensated. However, scan time will be increased and SNR reduced. Similarly in-plane MFGs can be reduced by increasing the in-plane resolution, albeit without the time penalty incurred by an increase in the number of slices in each slab (Blockley and Stone, 2016) . Alternatively truncating the number of echoes used in the fitting of R 2 ′, by examining the phase differences between adjacent voxels, could also enhance the robustness of this method (Storey et al., 2015) . A combination of these approaches may allow improved compensation of magnetic field gradients in inferior slices. The qBOLD approach used in this study to estimate brain oxygenation parameters, models MR signal formation that is influenced by susceptibility differences between blood in vessels and the brain tissue within which it is embedded. Other sources of susceptibility in the brain such as the myelin present in white matter or deposits of iron which can build up with ageing will cause inaccuracies in the resulting brain oxygenation quantifications as these susceptibility contributions are not accounted for in the qBOLD model. As the sequence used in this study is sensitive to these sources of susceptibility, whilst minimising contributions from CSF and macroscopic field inhomogenities, it could be used to investigate these sources as a potential form of contrast if combined with appropriate modelling or simulation of the signal formation. Further understanding of how these sources of susceptibility affect the MR signal would allow for these contributions to be accounted for in the qBOLD model improving the accuracy and precision of the brain oxygenation quantifications made using this approach, as demonstrated for white matter (Bouvier et al., 2013) .
Conclusion
By minimizing known confounding effects during data acquisition it was possible to streamline the qBOLD technique with the aim of improving robustness without introducing undue complexity in either the acquisition or analysis. Streamlined qBOLD has the potential to provide parametric maps of brain oxygenation with good brain coverage, in clinically feasible times ( < 7 min) and in a non-invasive, patient friendly manner without the need for external contrast. Further investigation is required to assess the sensitivity and reproducibility of these parametric measures and to compare this technique with more established techniques for global brain oxygenation estimation.
Appendix A. Supplementary data
The raw imaging data that underpins this work can be accessed via the Oxford Research Archive repository, doi: http://dx.doi.org/10. 5287/bodleian:E24JbXQwO. In addition, simulation code used to optimise the ASE pulse sequence can be accessed via Zenodo, doi: http://dx.doi.org/10.5281/zenodo.168049.
